), suggesting that X k should be treated as a site-specific parameter. Food density (X) was adapted to include not only Phyto-C but also POC in the diet of M. galloprovincialis and only when Phyto-C density was low compared to POC density. Results showed a small contribution of POC during spring in the Maliakos Gulf and almost none at Thermaikos Gulf. The simulated mussel growth showed good agreement with field data. Sensitivity tests on the calibrated parameters (E, R and X k ) were performed to investigate model uncertainty. The standard deviation of simulations with perturbed parameter/initial values remained relatively small and appeared to increase as the modeled mussel grew, in agreement with observations.
INTRODUCTION
According to the Food and Agriculture Organization of the United Nations (FAO), the world's population will reach 8 billion people in 2030. This increase is not reflected in wild fisheries or oyster production, which have been practically steady since 1989. On the other hand, world aquaculture production has shown an enormous growth in the last 3 decades, increasing from 14% of total seafood production in 1988 to 44.1% in 2014 44.1% in (FAO 2016 . A significant amount of this aquaculture production comes from shellfish farms. For example, in Europe in 2009, 57% of total aquaculture production came from mussel, clam and oyster farming (Eurostat 2016) . Considering that shellfish farming takes place in coastal zones which are affected both by anthropogenic pressures and climate change, it is important to analyze and understand the processes that affect production. Among the most important cultured bivalve species is the Mediterranean mussel Mytilus galloprovincia lis, which has significant global production (116 262 metric tonnes [t] in 2014 according to FAO 1 ) and is mainly cultured on the northern shores of the Mediterranean Sea (Rodrigues et al. 2015) . Greece contributes significantly to Mediterranean M. galloprovincialis farming, with an estimated maximum farming carrying capacity up to 35 000 or 40 000 t gross weight (although production levels are currently lower: 18 000 t in FGM 2015) . Because of the overall oligotrophic characteristics of the Mediterranean, major farming areas are only found close to estuarine systems. In Greece, these are mainly located in the northern part of the country where major rivers discharge (Theodorou et al. 2011 (Theodorou et al. , 2015a , and are more scattered in other areas of continental Greece (Fig. 1) .
In the present study, the growth of M. galloprovincialis in the Maliakos and Thermaikos Gulfs was investigated. A model describing the growth of M. galloprovincialis was developed based on dynamic energy budget (DEB) theory (Kooijman 1986 (Kooijman , 2000 . The model simulates the growth of an individual cultured mussel, assuming that the simulated individual represents the average state of the farm's population. DEB models have been applied successfully for several bivalve species (Casas & Bacher 2006 , Pouvreau et al. 2006 , Zaldívar 2008 , Bourlès et al. 2009 , Troost et al. 2010 , Handa et al. 2011 , Thomas et al. 2011 , Wijsman & Smaal 2011 , Sarà et al. 2012 .
DEB models show important benefits in describing the growth of an individual organism and have the powerful aspect of being generic: DEB theory assumptions represent physiological processes that are common among different species, with their differences reflected only in the values of the parameters. Moreover, DEB models can be used as a basis for modeling other processes, e.g. concentrations of contaminants in an individual (Zaldívar 2008) or bioaccumulation of trace metals (Casas & Bacher 2006) . Larsen et al. (2014) compared the results of bio-energetic growth (BEG), scope for growth (SFG) and DEB models on growth data of blue mussels from Danish waters, and concluded that the DEB model provided the best results and predictions regarding mussel somatic growth. Brigolin et al. (2009) chose a model based on the dynamic estimation of SFG as being more appropriate to study nutrient, carbon and phosphorus fluxes related to ingestion and the production of feces and pseudofeces in M. galloprovincialis. In their study, they also compared the results between their model and the DEB model produced by Casas & Bacher (2006) , concluding that both models can give good simulations regarding the somatic growth of M. galloprovincialis.
The primary objective of this work was to develop a model describing the growth and reproduction of the Mediterranean mussel M. galloprovincialis that can be used to investigate processes affecting production on shellfish farms, offering a useful tool for the study of mussel farming in the Maliakos and Thermaikos Gulfs and estimating the carrying capacity of the study areas.
MATERIALS AND METHODS

Study area and mussel growth data
Maliakos Gulf is a semi-enclosed, shallow (14 m mean depth) estuarine embayment in the central western part of the Aegean Sea which covers a total surface of 110 km 2 . It receives fresh water discharge from the Spercheios River at an average rate of 68 m 3 s
; there is also some inflow of more saline water from the N. Evoikos Gulf through an anti-clockwise circulation in the Theodorou et al. 2011 Theodorou et al. , 2015a 1 China and Spain mussel production is not reported as Mytilus galloprovincialis production by FAO north ern part of the gulf (Christou et al. 1995) . Mussel farming was established in late 1980s, and today there are 10 farms with an estimated total annual production of around 1500 to 1700 t yr −1 (Dimitriou et al. 2015 , Theodorou et al. 2015b .
Monthly mussel growth data (i.e. fresh tissue mass [g] and shell length [cm]) were derived from a farm (CalypsoSeafood/Aqua-Consulting) in the area of Molos (Southern Maliakos). Specifically, 3 pergolaries (mussel 'socks' made of plastic cylindrical nets) 3 m in length were filled with mussel seed (n = 30) of average (± SD) length (3.68 ± 0.53 cm) and weight (1.43 ± 0.21 g). The pergolaries were attached to a 'mother' longline rope at the edge of the farm in September 2004. To estimate animal growth, on a monthly basis 30 to 40 mussels were randomly collected from this batch for morphometric analysis during the period from October 2004 to June 2005.
Thermaikos Gulf is a semi-enclosed basin with a total surface area of 5100 km 2 , located in the northwest Aegean. Depth varies from 10 to 75 m and the tidal range is 0.25 m. The inner Thermaikos Gulf is one of the few areas in Greece that can be characterized as eutrophic (Pagou 2005 , Papakonstantinou et al. 2007 , and contains one of the most extensive and productive mussel aquacultures, reaching 90% of total production in Greece (Konstantinou et al. 2015) .
Mussel growth data, provided by Kravva (2000) from the coastal area of Chalastra, were used for tuning the Thermaikos Gulf model. This area is influenced by 2 of the most important rivers (Axios, Aliakmon) in the northern Aegean. It receives significant inputs of particulate matter and dissolved constituents (Price et al. 2005) , creating favorable conditions for phytoplankton growth and thus is an ideal area for the cultivation of mussels.
Environmental data
Near-surface temperature and phytoplankton carbon biomass (Phyto-C) data (Fig. 2) ' (2004-2007) . Relevant data used in the present study are from the deliverables of this effort presented in Theodorou et al. (2006a Theodorou et al. ( ,b 2007 and Kakali et al. (2006) . Monthly data samples at 4 depths (0.5, 2, 3 and 6 m) were used to calculate mean near-surface chlorophyll a (chl a) and temperature. Phyto-C was obtained from chl a data, assuming a constant carbon:chl a ratio (50:1) that can be considered as a mean value of ratio's seasonal variability (Malone & Chervin 1979 , Geider & Piatt 1986 , Kormas et al. 2002 . These datasets were used to force the model, and their values at each model time step were obtained by linear interpolation from the monthly data. Particulate organic carbon (POC) used in model simulations was obtained from Kormas et al. (2002) .
In Thermaikos Gulf, input data (temperature, Phyto-C, POC) for the period during which mussel growth data were available (May 1995 to July 1996) were obtained from a 3-dimensional (3-D) hydrodynamic/biochemical long-term model simulation over the 1980 to 2000 period (Tsiaras et al. 2014 ). The hydrodynamic model was based on the Princeton Ocean Model (POM; Blumberg & Mellor 1983) while the biochemical model was based on the European Regional Seas Ecosystem Model (ERSEM; Baretta et al. 1995) . The 3-D model results were validated against available SeaWiFS chl a and in situ data (Tsiaras et al. 2014) .
The 2 coastal environments show some differences, mostly related to the maximum values and variability of Phyto-C. In Maliakos Gulf, Phyto-C reaches its highest value in winter (277 mg C m −3 ), when the phytoplankton bloom takes place. This bloom is attributed to the supply of nutrients from Sperchios River in the early winter and is characterized by rapid sedimentation of phytoplankton cells to the shallow seafloor (Kormas et al. 1998) . In Thermaikos Gulf (Chalastra), Phyto-C peaks in late April with a value of 138 mg C m 
DEB model
Description of the DEB mussel model
The basic assumption of a DEB model is that the assimilated food first enters a reserve pool and then is allocated between the other compartments: a fixed part, κ, is spent on somatic maintenance and growth, while the remaining, 1 − κ, on maturity maintenance and reproduction. This rule is known as the κ-rule. The individual is characterized by 3 state variables: structural volume V (cm 3 ), energy reserves E (joules) and energy allocated to development and reproduction R (joules), while the environment of the individual is described by food density and temperature. All model equations describing the time evolution of feeding, maintenance, growth, development and reproduction are shown in Table 1 ; descriptions of model variables are provided in Table 2 . The interested reader may refer to Zaldívar (2008) and Casas & Bacher (2006) for a full description of the model equations.
Parameter values
Most of the model parameters used in the present study for Mytilus galloprovincialis are adapted from those estimated by Van der Veer et al. (2006) for the blue mussel M. edulis L. in the northeast Atlantic (see Table 3 for exceptions). Τhe 2 mussel species are closely related and are very similar 'with no single morphological or genetic character being clearly diagnostic' (Gosling 1984, p. 554) . Preliminary experimentation showed that this specific parameterization resulted in good agreement of M. galloprovincialis model-simulated growth with observations. A similar approach was used by Casas & Bacher (2006) for M. gal loprovincialis along the French Mediterranean shoreline. The half-saturation coefficient (X k ) was tuned in the current study in order to obtain a better fit of model-simulated growth with observations. Widdows et al. (1984) and later Camacho et al. (1995) showed that the differences in physiological re sponses among populations, which are mainly 
(8)
(10) Table 2 for model variables, Table 3 for parameters and  Table 4 for initial values responsible for differences in growth rate, are mainly the result of environmental conditions and to a lesser extent, genetic differences. Therefore, a good modeling approach would be to capture the differences in phy siological responses among the 2 similar species and populations (Hilbish et al. 1994 , Fly & Hilbish 2013 ) by the site-specific parameter, X k (Troost et. al. 2010) . X k is the amount of food (Phyto-C, POC) where food uptake is at half its maximum value (see 'Food density' below) and may be considered representative of the environment to which the organism has adapted. A higher value of X k is thus expected in more productive environments, such as the French Mediterranean shoreline as in Casas & Bacher (2006) 
) and a lower value in less productive areas, such as the Aegean coastal areas. Specific density (d) was set to 1 g cm −3 as suggested by Kooijman (2000) . The values of all DEB model parameters used are summarized in Table 3 .
Initial values
The initial values used for each simulation run are shown in Table 4 . For both study areas, the initial value of shell length (L) was set from the field data, while initial V was calculated from Eq. (10) (see Table 1 ). For the Thermaikos simulation, initial R was chosen to be 0; the initial mussel body volume, V, indicates that the individual is in the juvenile phase (V < V p ; see Table 3 ) and thus it was assumed that the animal has no energy allocated for reproduction yet, following the same approach as Thomas et al. (2011) . In Maliakos Gulf, the initial V, obtained from the field data, suggests that the individual is mature and thus some energy has to be allocated for reproduction (R). In the absence of available data, a model simulation initialized as in the Thermaikos Gulf (V < V p and R = 0) was used to estimate the initial R at the observed mussel length (L = 3.68 cm) and weight (W = 1.43 g) at Maliakos. For both study areas, the initial value of E was calibrated (Table 4 ), so that the computed initial W (Eq. 11) shows the best fit with field data. Regarding initial allocation between E and R, Rosland et al. (2009) Maintenance costs J cm 
Simulation of reproduction
To simulate the loss of mussel weight at spawning (Van Haren et al. 1994) , the buffer R was completely emptied (R = 0) on the spawning day, which was set at the time of the year when the field data and literature indicate that spawning events occur. The same method was applied by Handa et al. (2011) and Zaldívar (2008) . Spawning events for M. galloprovincialis in Maliakos and Thermaikos Gulfs occur between December and March (Fasoulas & Fantidou 2008 , Theodorou et al. 2011 . Thus, for the simulated mussel individual the spawning day was set at about the middle of the spawning season.
Food density
The relation between food uptake and food density is described by a Holling Type II (Holling 1959) functional response, f (Eq. 5), which can vary between 0 and 1. As a first approach, only Phyto-C was considered in the food density (X): X = [Phyto-C]. As a second method, the functional response was adjusted to include not only Phyto-C but also POC in the simulated mussel diet. In this case, the food density X is given by: (12) where a and b are given by:
where [Phyto-C] is the density of available Phyto-C and [POC] is the density of available POC. Parameters a f and b f describe the mussels' relative preference for Phyto-C and POC, which is related to food quality. Troost et al. (2010) investigated the importance of detritus as a food source between different shellfish species and concluded that the contribution of detritus to shellfish's diet might differ among different environments. For example, cockles prefer phytoplankton as a food source but in those areas where phytoplankton concentrations are low, cockles can also assimilate detritus (Troost et al. 2010) . To simulate this behavior, variable preference weights (a, b) were adopted, depending on the availability of food resources in terms of Phyto-C and POC, as given by Eqs. (13) & (14). In this way, the contribution of POC will be significant only when Phyto-C is low compared to POC density. The seasonal contribution of POC for M. galloprovincialis is discussed below. Parameters a f and b f were determined by calibration: a f = 0.55, and b f = 0.45 (see 'Discussion' for more details regarding these values).
Simulation of starvation
Following Rosland et al. (2009) and Handa et al. (2011) , when the growth rate according to Eq. (2) is negative, it is assumed that the energy utilization rate is not enough to cover somatic maintenance. In this case, the mussel is assumed to be in a starvation state and stops growing (dV/dt is set to 0). Energy is also withdrawn from the reproductive buffer to cover the maintenance deficit, following Handa et al. (2011) ; thus the reproduction equation changes to:
RESULTS
Model simulation
Simulations of the growth of Mytilus galloprovincialis for the same period as the experimental data were performed first with food density X = [Phyto-C]. Results are shown in Fig. 3 for Maliakos Gulf and Fig. 4 for Thermaikos Gulf. X k was tuned to different values for the 2 areas: X k = 36 mg C m −3 for Maliakos Gulf and X k = 28 mg C m −3 for Thermaikos Gulf; X k not only depends on species but is also site-specific (Troost et al. 2010 or 0.56 µg chl a l −1 at Thermaikos) that were fitted for the 2 study areas can be attributed to differences in Phyto-C variability between the 2 environments (see 'Environmental data' above). These fitted values of X k were, as expected, slightly lower compared to those found in more productive areas. Casas & Bacher (2006) found X k = 3.88 µg l −1 (~194 mg C m To achieve a more realistic simulation of mussel growth, POC was added to the diet of M. galloprovincialis, with food function, X, given by Eq. (12). In Figs. 3 & 4 , the results can be compared with those obtained with food density X = [Phyto-C]. At Maliakos Gulf, including POC in the diet resulted in a better fit between simulated and field data. This area is characterized by low Phyto-C concentrations from the middle of February until late April. During this period, POC values are higher relative to Phyto-C and this appears to significantly contribute to mussel growth. On the other hand, POC appears to have no significant role in the M. galloprovincialis diet at Thermaikos Gulf, as in this area Phyto-C is characterized by much weaker variability, with POC concentrations always lower than Phyto-C.
Comparison between field and simulated data: model performance
As a useful index of the model skill, simulated mussel growth was plotted against field data in Figs. 5 & 6. Points along the x = y line indicate a perfect fit. In most occasions, points are very close to that line. Moreover, the model bias and un biased root-mean-square-deviation (RMSD) against field data were calculated and plotted on target diagrams (Jolliff et al. 2009 ) in Figs. 7 & 8. The marks are very close to the center of the diagram, indicating a successful simulation. The mean model bias, indicated on the y-axis, shows that referring to the overall mean value, the simulated shell length is slightly overestimated (y > 0), while the fresh mass tissue is slightly underestimated (y < 0) at Maliakos Gulf and in a very good agreement with field data at Thermaikos Gulf (y0 ). Additionally, the unbiased RMSD suggests that the standard deviation of the model is larger (x > 0) except for the fresh mass tissue at Thermaikos Gulf (x < 0). Fig. 4 . Simulated mussel shell length (L) (top) and fresh tissue mass (W) against Thermaikos data (mean ± SD), using phytoplankton carbon biomass (Phyto-C) (X = [Phyto-C]; blue line) and both Phyto-C and particulate organic carbon (POC) (Eq. 12; green line) in the mussel diet
Model uncertainty and ensemble forecasting
The initial values of E and R and the values of the calibrated parameters (X k , a f , b f ) may be considered relatively unknown. To examine the model's sensitivity relative to the uncertainty of initialization/ calibration, a series of sensitivity simulations were performed, adopting a representative envelope of 5 different values (Table 5) for each initial value and calibrated parameter, with the exception of the preference coefficients a f and b f , which did not show a significant sensitivity in preliminary tests. X k was perturbed by 15 and 30% of its standard value, while initial E and R, to which the model shows less sensitivity (Bacher & Gangnery 2006) , were perturbed by 50 and 100%. In the Thermaikos Gulf simulation, where initial R was set at zero, 5 values from 0 to 100 J were adopted. Model runs were executed with each possible combination of the 3 parameter values, giving a total of 125 runs. The mean and standard deviation from all model results were then calculated, as shown in Figs. 9 & 10 for the Maliakos and Thermaikos study cases, respectiv ely. Araújo & New (2007) demonstrated the advantages of an en semble forecasting in biological models. Instead of selecting the best tuning values, a better procedure is to present a range of possible model states within an envelope concerning the representative para meterization/ initialization values.
The uncertainty of the model, as represented by the standard de viation, appears to increase as the mussel grows, particularly regarding its wet weight. This does not indicate a decrease in the model skill, as a similar increase of standard deviation with growing mussels was also found in the wet weight field data, considering that each individual of the farm may grow in a different way, ultimately reaching a different final weight. This does not apply to the shell length evolution, which seems to be a more standard process. It is also noticeable that a weakness of the model is in efficiently simulating the individual's production of fresh tissue mass during the period before spawning (from early November 2004 to early January 2005 for Maliakos, and during October 1995 for Ther maikos Gulf). This could imply errors in the simulated reproduction of the individual that are either related to the adopted spawning day/ period or to the assumed weight loss due to spawning. According to Van Haren et al. (1994) , mussels lose 40 to 70% of their wet weight during spawning. This does not occur in the presented simulations, where weight loss is around 10%. However, if the 
DISCUSSION
A DEB model was developed and tuned against data from Maliakos and Thermaikos Gulfs to study the growth of cultured mussel Mytilus galloprovincialis.
The 2 environments showed differences mostly in terms of Phyto-C and POC fluctuations and maximum values, which has an impact on the diet of M. galloprovincialis. At first, model simulations were performed accounting for only Phyto-C as a food resource for the mussel. In a second approach, available food density was modified to also include POC, aiming to investigate the contribution of POC to mussel growth. In this case, following the available literature, it was assumed that M. galloprovincialis assimilates POC only when the density of Phyto-C is not enough for its needs. This was formulated, adopting different preference coefficients for Phyto-C (a f = 0.55) and POC (b f = 0.45) in the mussel food density (Eq. 12). The results showed a small contribution of POC at Maliakos Gulf and almost none at Thermaikos Gulf. This is in agreement with Troost et al. (2010) , who found a site-dependent contribution of detritus. The values of a f and b f could be parameterized in a way that would allow POC to have a more significant role in the mussel growth. Simulations with higher b f (0.55 to 0.8) and lower a f (0.45 to 0.2), combined with higher values of X k , showed that the model could produce similar results to those presented; however, this would be in conflict with most of the literature, where phytoplankton is considered the principal food source for mussels (Williams 1981 , Langdon & Newell 1990 , Garen et al. 2004 . In general, the simulations are satisfactory when considering only Phyto-C as available food for the mussel. Under this assumption, the model is simplified, with X k being the only parameter that has to be tuned. However, the model appears more stable when POC is included in the mussel's diet.
The 2 study areas are very similar with regard to sea surface temperature, and thus differences in the growth of cultured mussels may be attributed only to differences in food resources. Temperature affects the growth of the simulated mussel through the temperature dependence k(T ), which is multiplied by each physiological rate (i.e. · p a, · p c, [ · p M ] ). Increasing the temperature time series by 1°C in the Maliakos Gulf simulation resulted in an increase of 0.86% for final shell length and 2.83% for final fresh mass tissue. Although this response to temperature does not seem significant for the purpose of the present study, it could be interesting in the context of a climate change scenario investigating the effect of global warming on Aegean Sea mussel farms.
To quantify the uncertainty related to the fitted model parameters (initial values of E and R and X k ), different values of these parameters were tested and a series of simulations was performed with all possible combinations, leading to a representation of the DEB model uncertainty. The results showed that in most cases, the uncertainty related to the different simulations is within the limits of the field data stan- In general, the model performed well in simulating the growth of the cultured mussel M. galloprovincialis. While the simulation of shell length growth was satisfactory, the agreement between observed and simulated weights was not as good, suggesting that there is a need for optimization of parameters related to the weight−length relations, such as the energy content of reserves (μ E ) and the shape coefficient (δ m ), for which many different estimates can be found in the literature (Casas & Bacher 2006 , Van der Veer et al. 2006 , Thomas et al. 2011 , Sarà et al. 2012 . In the present study, the best fit with the field data was obtained with parameter values adopted from Casas & Bacher (2006) . Representation of model uncertainty due to initial E, R and X k led to a more reliable simulation, as in most occasions there is no easy way to estimate those parameters with satisfactory accuracy. More work in this direction needs to be done in the future, as there is still room for optimization of the DEB parameters. In his work on the estimation of DEB parameters for bivalve species, Van der Veer et al. (2006) concluded that there was a standard error of about 30% on his estimates. Different values can be found among different studies on the same species; i.e. Troost et al. (2010) and Thomas et al. (2011) , which worked better with the presented data. Building an envelope of a targeted set of the most sensitive model parameters with different values found in the literature (such as κ, δ m and { · p Am }) could lead to more reliable and general ensemble simulations, and also provide an estimate of the model uncertainty re lated to these parameters. This could be strengthened by including in the ensemble other bio-energetic individual models (such as a SFG model; Brigolin et al. 2009 among others) . Furthermore, a full description of the model uncertainties should include uncertainty due to environmental forcing, along with uncertainties due to parameterization and initialization. This complete representation of a DEB model uncer tainties could lead to a better understanding of the model dynamics. Additionally, en semble forecasting (Araújo & New 2007) in the DEB model could be used to apply climate change scenarios and investigate climate change effects on species.
Although the model worked well at the 2 specific study areas and ensemble forecasting provided a quantification of uncertainties due to parameters and initial value calibrations, the model still suffers from some limitations. In the present study, the simulated individual is considered to be representative of the mussel farm's mean state. However, one should also take into account the farm's population effect. Generally, in a predator−prey system the rate of an individual's consumption is affected by the density of predators (Kratina et al. 2009 ). Kratina et al. (2009) tested different functional responses, concluding that those taking into account predator density provide better results. In the context of the present study, one way to take into account the effect of the farm's population on individual mussel growth with the DEB model would be to modify the Hollings Type II functional response function (f ), expressing X and X k in terms of food resources per mussel density. This approach could be tested in future work.
Another simplification that can be regarded as a limitation of the model is the assumption that M. galloprovincialis filtrates phytoplankton and POC of every size. Many studies emphasize the selectivity of Mytilus spp. with respect to size and species of phytoplankton (Bayne et al. 1987 , Raby et al. 1997 . Other studies (Lehane & Davenport 2006 , Prato et al. 2010 , Ezgeta-Bali et al. 2012 suggest that Mytilus spp. can consume even zooplankton in certain periods and areas. Therefore, in order to have a detailed description of mussel diet, food density X should consist of each proxy food (different size groups of phytoplankton and POC) separately adjusted by a suitable preference weight; an effort that should be supported by field data diet analyses. On the other hand, such a model would be more difficult to tune, and uncertainties due to parameter calibration would be higher.
Due to its generic character, the model developed in the present study can easily be adapted to simulate the growth of other bivalve species, such as native oysters Ostrea edulis and European clams Tapes decussatus, with potential farming interest in Greek coastal waters.
